In this work, the flake size-dependent adsorption kinetics of graphene oxide (GO) aerogel is studied. GO in different flake sizes are produced by sonication prior to the preparation of aerogel through freeze-dry method. The structural characterizations reveal that GO aerogel with smaller flake size possesses higher surface area and higher intensity of edge-plane oxygen functionalities. These provide more adsorption sites and active sites for heavy metal ions adsorption. Adsorption study reveals the higher Fe 3+ ions adsorption capacity as well as uptake rate on GO aerogel with smaller flake size. The adsorption kinetic obeys the pseudo-second-order kinetic model which indicates the chemisorption is the rate-determining step. Adsorption isotherms of GO aerogel on Fe 3+ ions show highest Langmuir adsorption capacity of 133.3 mg/g and render it to be a potential material for heavy metal ions removal in wastewater treatment.
Introduction
Water quality is a concern for global organization and government. World Health Organization (WHO) works on the acceptability ions content to determine the acceptable water quality [1] . In 2015, United Nations Children's Fund (UNICEF) and WHO had run an assessment on the sanitation and drinking water which reported about 663 million global citizens still lack of clean water resource which is a crucial issue in the world [2] . Global industrialization could be the culprit for such crisis as the industrial wastes in the form of organic pollutants or metals ions are directly disposed to the environment [3] . Iron ions (Fe 3+ ) is one of the heavy metals ions if it is consumed in excess amount, can cause severe diseases, such as Eales disease, Alzheimer's disease and Parkinson's disease [4, 5] . Hence, the high levels of Fe 3+ ions in water will be an apprehension. Different methods were reported for Fe 3+ removals such as ion exchange, dialysis sac, electrochemical oxidation, precipitation and adsorption [6] [7] [8] [9] . Among them, adsorption is the most cost-effective approach with good performance. Activated carbon is commonly found as one of the water treatment adsorbents due to its low-cost [10] [11] [12] . However, there are some limitations of the activated carbon used for water treatment. It suffers from low adsorption capacity (2.50, 7. and Cr 3+ , respectively [13] ) and low heavy metal removal efficiency due to the limited specific sites for retaining heavy metal ions [14, 15] .
In this context, graphene is one of the materials that is investigated to replace activated carbon. This is due to its structure that shows nanosorbent properties and is able to associate with heavy metals ions at even ppb levels [16] . Graphene and graphene oxide (GO) were used widely for heavy metal ions removal [17, 18] . GO showed adsorption capacity of 116.35, 35.6 and 27.3 mg/g for Co
2+
, Ni 2+ and Fe
3+
, respectively [19, 20] . GO aerogel is a form of adsorbent that has promising adsorption capacity [21] . Its interconnected network structure with pores and high surface area are the major properties contributing to this outstanding adsorption result [14, 22] . GO aerogel is proven to be able to remove Cu 2+ ions in aqueous solution with uptake capacity up to 19.65 mg/g [23] . GO aerogel can be facilely produced by freezedrying GO suspension. Therefore, GO flake size is vital in contributing to its aerogel physicochemical properties. To the best of our knowledge, there is no studies report on the effect of GO flake sizes in aerogel for the metal ions adsorption. 
Preparation of size-controlled graphene oxide aerogel
Graphene oxide (GO) was synthesized using a modified Hummers' method [24, 25] . Firstly, graphite flake (4 g) was added into H 2 SO 4 (60 mL) followed by K 2 S 2 O 8 (6 g) and P 2 O 5 (6 g) under stirring. The mixture was heated at 80°C in an oil bath for 6 h prior to cooling to room temperature. Then, the mixture was diluted with 2 L of deionized water and washed until neutral pH with deionized water. Pre-oxidized graphite was obtained after the residue dried in vacuum. It was then sonicated for 0, 4 and 12 h to obtain different flake sizes. After that, the pre-oxidized graphite was oxidized using KMnO 4 (35 g ) with H 2 SO 4 (300 mL) as solvent at 35°C in an oil bath for 4 h under stirring. The mixture was diluted with deionized water (700 mL) followed by H 2 O 2 (100 mL) addition. Next, 1:10 HCl (2 L) was added to the mixture and washed using centrifugation with excess deionized water until neutral in pH. The resulting material was solidified at −80°C followed by freeze-drying to obtain graphite oxide. Graphite oxide dispersions (8 mg/mL) was briefly sonicated to exfoliate into graphene oxide (GO).
The GO dispersion was later centrifuged at 500 rpm for 10 min and the supernatant was then dipped into liquid N 2 with the whole tube covered by styrofoam except bottom tip covered by stainless-steel plate to freeze the GO dispersion [23] . Different GO aerogel samples were obtained after 48 h of freeze-drying from the frozen GO dispersion. According to the sonication time during GO preparation, the GO aerogel samples were termed as GO 0 h, GO 4 h and GO 12 h to indicate the no sonication, 4 h sonication and 12 h sonication, respectively.
Characterizations techniques
Crystal structure and flake size of GO aerogel were analyzed using Xray diffraction (XRD) with Rigaku Miniflex II for 2θ from 3 to 80°. Fourier-transform infrared (FTIR) measurements were carried out for the frequency from 400 to 4000 cm −1 using PerkinElmer Spectrum 100 spectrophotometer. The morphology of GO aerogel was observed with JEOL JSM-7800F field emission scanning electron microscope (FESEM). The surface area of GO aerogel was studied using micromeritics ASAP 2020 Brunauer-Emmett-Teller (BET) surface area and porosity analyzer with N 2 gas at 77 K.
Adsorption experiments
Standardized Fe 3+ was prepared from PRO with UV-Vis measurement at 294 nm. The adsorbed quantity (q e ) and the removal (%) of Fe 3+ at the equilibrium were calculated using Eqs.
(1) and (2) [18, [26] [27] [28] :
where C o is the initial Fe 3+ concentration (mg/mL); C e is the equilibrium Fe 3+ concentration (mg/mL); V is the volume of the solution (mL) and W is the weight of the adsorbent (g). 
Results and discussion

Structural and morphological analyses
Fig. 1a-c shows the XRD patterns of three different GO aerogel samples (GO 0 h, GO 4 h and GO 12 h). There is a significant peak observed for all GO aerogel samples at ca. 2θ = 10.27°, which indicates the expanded interlayer spacing of GO (9.05 Å) as compared to graphite (3.7 Å) [29, 30] and reduced GO (4.0 Å) [31] . The expansion is due to the intercalation of oxygenated groups in between graphite planes [32] . The increase in the sonication time leads to an increase in full width at half maximum (FWHM), where the values are obtained to be 1.54, 2.27 and 2.47°for GO 0 h, GO 4 h and GO 12 h, respectively. It is inferred that longer sonication time produces disordered stacking in graphene oxide, which could be attributed to the smaller flake size. The average crystallite size is estimated by using Scherrer's equation. The obtained crystallite sizes are 5.18, 3.51 and 3.23 nm for GO 0 h, GO 4 h and GO 12 h, respectively. As expected, longer sonication time causes greater fragmentation in GO, and subsequently produces GO aerogel with smaller flake size. The peak broadening at 2θ = 26.5°for all GO aerogel samples is attributed to this incomplete oxidation of graphite precursor. It is worth noting that this incomplete oxidation of graphite is crucial in retaining the integrity of GO aerogel where it remained in its aerogel form throughout the adsorption studies.
The GO aerogel samples morphology was investigated using FESEM as shown in Fig. 1d-f . The GO aerogel samples exhibit 3D interconnected network structure formed by randomly oriented GO flakes. A distinctive difference can be observed where GO with smaller flake size (GO 12 h) forms the aerogel with less compact structure while GO with larger flake size (GO 0 h) forms the compact aerogel structure. Such compact structure of GO 0 h signifies the lower surface area which /g (GO 12 h). The higher surface area of GO 12 h is crucial to provide more binding sites for the adsorption. In addition, the larger flakes in GO 0 h tend to roll up due to the intraplanar interaction and subsequently reduce active sites for adsorption. This is well supported by the FESEM at higher magnification (insets of Fig. 1d-f) where the single flake in GO 0 h shows multiple folding but single flake in GO 12 h only shows the crumpled structure and retains most of the binding sites for adsorption.
The oxygen functionalities of GO aerogel samples were studied by FTIR (Fig. 2) . The bands at ca. 1395, 1220 and 1060 cm −1 are related to the vibrational bands of carboxyl, epoxy and alkoxy, respectively, confirm the basal plane oxygen functionalities of GO [30] . The absorption band at ca. 1740 cm −1 is due to the C_O stretching in COOH groups [30] . Previous studies report that the edge plane oxygen functionalities of GO could interact better with the heavy metal ions [33, 34] . In this study, the hydroxyl group quantification is performed to estimate the amount of edge-plane oxygen functionalities as most of the hydroxyl groups are found at the edge of GO sheets [35] . The FTIR peak area values are 1122.57, 3790.49 and 5229.93 for GO 0 h, GO 4 h and GO 12 h, respectively. It can be clearly seen that GO aerogel with smaller flake size (GO 12 h) possesses higher amount of edge-plane oxygen functionalities (hydroxyl groups), which is crucial for interacting with heavy metal ions in adsorption study.
Adsorption process
The flake size effect in GO aerogel adsorption was investigated by studying its Fe 3+ removal in the solution for 60 mins. The total Fe 3+ ions removal by GO aerogel is increased with the order of GO 0 h, GO 4 h and GO 12 h (83.55, 86.48 and 90.45%, respectively), which implies the GO aerogel with smaller flakes size has higher adsorption towards Fe 3+ ions.
The Fe 3+ ions uptake rate by GO aerogel is shown in Fig. 3 . It can be seen that all GO aerogel samples exhibit a high uptake rate at the beginning (first 6 min.) of contact to the Fe 3+ solution. This is due to the ad- adsorption process where most of the ions are removed at this stage. The adsorption study reveals that GO aerogel with smaller flake size can adsorb more Fe 3+ ions at a faster rate, which is attributed to its higher surface area to provide higher active sites. Furthermore, GO aerogel with smaller flake size is proven by FTIR analysis to possess higher edge-plane oxygen functionalities which are able to interact with Fe 3+ ions, as seen at the beginning of the adsorption process.
Such phenomenon is schematically illustrated as Fig. 4 .
Adsorption kinetics
The adsorption performance study of GO aerogel continues with the evaluation of adsorption kinetics. The pseudo-first-order and pseudosecond-order models are used in the evaluation study. The mathematical formulas of pseudo-first-order and pseudo-second-order kinetic models are reported elsewhere [26, 36, 37] . Fig. 5 shows the linear relationships of both kinetic models. From both graphs, the value of q cal (calculated equilibrium of adsorption uptake) is obtained and used for the calculation of normalized standard deviation (Δq%). Δq% and the coefficient R 2 are determined to evaluate which kinetics model is fit to describe the adsorption [38] . All calculated kinetic parameters are summarized and compared in Table 1 . It is demonstrated that the pseudo-first-order model does not fit to the experimental kinetics data where it is verified by the lower R 2 values.
Besides that, the Δq% is comparatively high to indicate the data from the model calculated are different to the experimental data. In contrast, the pseudo-second-order is ideally fit to the experimental kinetics data with high R 2 values and low Δq%. Another supporting data for the fitted pseudo-second-order model is the q cal values are very close to q exp values. All the fitting parameters are listed in Table 1 . With all these data, there is sufficient evidence to support the adsorption of Fe 3+ by GO aerogel is fit by the pseudo-second-order kinetics model which suggests the chemisorption is the rate determining step of Fe 3+ adsorption by GO aerogel as explained by the adsorption mechanism [36, 39] .
Adsorption isotherms
The interaction between Fe 3+ ions and GO aerogel is further investigated by the adsorption isotherm. The equilibrium data are fitted using Langmuir, Freundlich, Temkin and Harkins-Jura models [27, 36, 39, 40] .
The maximum adsorption capacity (Q max ) and Langmuir constant (K L ) can be calculated from the linear plot as shown in Fig. 6a . Freundlich constant (K F and 1/n) values can be calculated from the intercept and slope of Fig. 6b . The type of isotherm can be determined according to the value of 1/n. Irreversible isotherm can be determined at (1/n = 0). Favorable isotherm can be determined at (0 b 1/n b 1). Unfavorable isotherm can be determined at (1/n N 1) [10, 41] . Using the gas constant value (8.314 J/mol K) and the absolute temperature, Temkin (B T and K T ) and Harkins-Jura (A HJ and B HJ ) constants can be obtained. In this regards, Fig. 6 represents the experimental adsorption data fitted using Langmuir (Fig. 6a), Freundlich (Fig. 6b) , Temkin (Fig. 6c) and Harkins-Jura (Fig. 6d ) models. The data are fitted by the isotherm models and the corresponding constants are calculated from the intercepts and slopes and listed in Table 2 . According to R 2 , Langmuir model is the best isotherm model among the others and it means that adsorption of Fe 3+ onto GO flakes in aerogel is monolayer adsorption onto homogeneous surfaces. These findings are consistent with other metal ions adsorbed on carbon materials [28, 36, 42, 43] . In addition, the calculated separation factor (R L ) [43] value is found to be 0.01 to indicate the adsorption process is favorable. The adsorption capacity of GO 12 h is 133.33 mg/g, as obtained by Langmuir model. This value is higher than all previously reported adsorbent materials for Fe 3+ removal (Table 3 ). The findings suggest the potential application of GO aerogel as an adsorbent for Fe 3+ removal in wastewater treatment.
Conclusions
We have demonstrated that GO flake size is an important factor in contributing surface area and edge-plane oxygen functionalities in aerogel. Smaller GO flake size produces aerogel with higher surface area and higher edge-plane oxygen functionalities which can directly enhance heavy metal ions adsorption. Such adsorption is fitted to the pseudo-second-order kinetic model which indicates the chemisorption is the rate-determining step. The Langmuir isotherm model shows the GO aerogel with smaller flake sizes possesses maximum monolayer adsorption capacity of 133.33 mg/g. Supplementary data to this article can be found online at https://doi. org/10.1016/j.molliq.2018.12.097. 
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